A key element of national control programmes (NCPs) for Salmonella in commercial laying flocks, introduced across the European Union, is the identification of infected flocks and holdings through statutory sampling. It is therefore important to know the sensitivity of the sampling methods, in order to design effective and efficient surveillance for Salmonella. However, improved Salmonella control in response to the NCP may have influenced key factors that determine the sensitivity of the sampling methods used to detect Salmonella in NCPs. Therefore the aim of this study was to compare estimates of the sensitivity of the sampling methods using data collected before and after the introduction of the NCP, using Bayesian methods. There was a large reduction in the sensitivity of dust in non-cage flocks between the pre-NCP studies (81% of samples positive in positive flocks) and post-NCP studies (10% of samples positive in positive flocks), leading to the conclusion that sampling dust is not recommended for detection of Salmonella in non-cage flocks. However, cage dust (43% of samples positive in positive flocks) was found to be more sensitive than cage faeces (29% of samples positive in positive flocks).
INTRODUCTION
Salmonella Enteritidis (SE), and S. Typhimurium (ST) are responsible for the majority of cases of human salmonellosis in the UK and elsewhere in Europe [1] . Epidemiological investigations demonstrated that contaminated eggs produced by infected laying hens were the main source of human infection of SE [2, 3] ; therefore it is important to reduce its incidence. In response, the national control programmes (NCPs) that have been introduced in EU Member States have been an important measure for reducing the Salmonella burden associated with food animal production. A critical element of these NCPs is the identification of infected poultry flocks and holdings so that sale of fresh eggs can be restricted and infection eliminated from the holding [4] . It is therefore important to know the sensitivity of sampling in order to estimate the efficacy of detection and true prevalence in order to be able to design effective surveillance schemes.
Environmental sampling of poultry houses, in which contributions from a potentially large number of individual faecal droppings are pooled, is regarded as more cost-effective and sensitive than sampling faeces from a large number of individual birds [5] . The sampling adopted for the monitoring of Salmonella in commercial laying flocks in EU Member States consists of environmental sampling of faeces and dust from the flock, consisting of either naturally mixed faeces or boot swabs and dust sampled from different parts of the poultry house.
Studies have been performed to determine the sensitivity of various environmental sampling methods [6] [7] [8] [9] [10] . Included in these studies was the dust and faecal sampling methods, which have been used for NCP sampling by the competent authority, and the method used in the EU baseline survey [11] for Salmonella in commercial laying flocks, which is used in some Member States for confirmatory testing in order to exclude the possibility of a 'false-positive' initial test [12] . Studies have shown that sampling dust from flocks is a more sensitive method for detecting Salmonella than sampling faeces [6] [7] [8] [9] [10] , and on this basis both the EU baseline survey method and the NCP method used by the competent authority include dust sampling, where dust is available.
A key feature of environmental sampling is that the sensitivity will depend upon the prevalence of infection in the flock being sampled [8, 9] . It is possible that the introduction of NCPs may have influenced the sensitivity of sampling. First, as farmers' efforts to control Salmonella could have reduced the withinflock prevalence, resulting in lower mean sensitivity of sampling methods. Second, other changes since the introduction of the NCP, such as the change to colony cages, may also have affected the sampling methods, so that the sensitivity for a given withinflock prevalence may also have changed. The objective of this study was to estimate the sensitivity of the NCP and EU survey sampling methods, for cage and non-cage flocks relative to the within-flock prevalence, and to determine whether there are differences in the sensitivity of the sampling methods since the introduction of the NCP, and thus to estimate the number of NCP samples required for optimal detection of Salmonella in cage and non-cage flocks. In addition, the sensitivity of an in-house method ('AHVLA sampling' [7] ), which also involves environmental sampling of faeces and dust was also evaluated pre-and post-NCP.
METHODS

Environmental and individual bird sampling
Data to determine the sensitivity of individual and environmental sampling sensitivity arose from three studies: two of which were pre-NCP ( [8] , and R. H. Davies (AHVLA), unpublished data) and one of which was post-NCP [13] . All data from the pre-NCP studies were from flocks known to be infected with SE whereas all farms in the post-NCP study (20 flocks) [13] had been detected as Salmonella positive (not restricted to SE) through the NCP for Salmonella in laying hens. Environmental sampling in both studies consisted of three different methods: the method used in the EU baseline survey (the 'EU survey method') [11, 14] , the method used for official sampling in the NCP for Salmonella in laying flocks (the 'NCP sampling method' [15] and an in-house method ('AHVLA sampling') [7] . Briefly, the EU survey method involved seven tests, consisting of five 200-300 g composite faecal samples (for caged flocks) or five pairs of boot swabs (for free-range or barn flocks), each representative of one fifth of the laying house and 2 × 250 ml dust samples. The NCP sampling method in non-cage flocks consisted of two tests, one faecal sample formed from 2 × 150 g faecal samples, each representing half of the house and collected from the same locations as the EU survey method, and one sample of 250 ml (100 g) dust, collected from prolific sources of dust throughout the house. In non-cage flocks, two pairs of boot swabs were used in place of the 2 × 150 g faecal samples, each pair collected from a representative half of the house. The AHVLA sampling method consisted of 10-20 composite faecal samples, each weighing ∼25 g, and 10-20 dust samples, each weighing ∼15 g, from representative point locations across the house, collected with buffered peptone water (BPW)-impregnated gauze swabs (Robinson Healthcare, UK). For the individual bird sampling in both studies, hens were culled by cervical dislocation on farm, and stored at 4°C overnight. At post-mortem examination, ovaries/oviduct and caeca were aseptically removed and cultured separately as 25 g samples in 225 ml BPW.
Furthermore, for the post-NCP study [13] 100 individual freshly voided droppings were tested both individually and in pools of five, for which a semi-quantitative dilution-enrichment method was used. Briefly, 100 ml of the initial BPW solution of 10 g faecal sample was used to make a tenfold dilution series in BPW to 10 -7
. The last dilution to test positive was recorded [16] . For the earlier study, 60 pools of five were tested via the semi-quantitative dilutionenrichment method but individual droppings were not tested. The unpublished data consisted of EU sampling (five faecal, two dust), AHVLA sampling (20 faecal, 20 dust), and NCP sampling (one faecal, one dust) in seven cage flocks and one non-cage flock.
Statistical models to estimate sensitivity of sampling
To perform comparisons between the sensitivity of sampling pre-and post-NCP, it is important to be able to account for differences in within-flock prevalence between the studies, so that it can be determined whether the observed differences are merely due to changes in the within-flock prevalence. These environmental sampling data allow the sensitivity of each sampling method relative to the within-flock prevalence to be determined. The per-sample sensitivity of the dust and faecal sampling for both the EU survey method and the NCP official sampling was determined by Bayesian methods [8, 9] using the data on the environmental sampling from each farm.
Model for the individual test sensitivity of caeca and ovaries/oviduct
Denoting the sensitivity of caeca and ovaries/oviduct by Se 1 , Se 2 , respectively, the likelihood of the results for each bird is given by:
where P 00 represents the likelihood that the tests on both caeca and ovaries/oviduct are negative, P 10 the likelihood that the test on caeca is positive and the test on the ovaries/oviduct is negative, θ is the covariance between the tests of ovaries/oviduct and caeca, and π represents the prevalence of Salmonella infection (within the flock). The likelihood of the data for the ovaries/oviduct and caeca results for each flock then follows a multinomial distribution, with the cell probabilities given by the Pij values above and n=the number of birds tested in the flock.
Model for the composite sampling methods
We follow the model developed in [8] which allows for the possibility that the probability of an environmental faecal or dust sample testing positive is dependent on the prevalence of Salmonella infection in the house from which it was sampled, by assuming that each follow a logistic regression curve, i.e. denoting the sensitivity of method i by η i
where π is as defined earlier and α i and β i are the unknown parameters of the logistic regression model, with the parameter β i representing the dependence of the method on the within-flock prevalence. There were six types of sample for the three detection methods: each of the EU, NCP and AHVLA methods having both a dust and faecal sample, so there were six values of α, β to be estimated. In addition, the sensitivity of testing individual faecal droppings was shown to be dependent on flock-level prevalence [9] and so this was also assumed to follow a logistic regression model. The specificity of the culture methods was assumed to be 100%. The number of positives for farm j for each environmental sample test i followed a binomial distribution with p = η i (π j ) and n=number of samples for sample type i on farm j.
The estimation of the unknown parameters Se 1 , Se 2 , π j , α i , β i was performed using WinBUGS v. 3.1. The parameters Se 1 , Se 2 , and π j were each assumed to follow a beta distribution, which is a flexible distribution and is constrained to take values between 0 and 1, and is therefore ideal at representing test sensitivity and prevalence. Each α i , β i was assumed to be normally distributed, with mean 0 and variance 1000, i.e. non-informative priors were used throughout.
It was considered important to estimate the sensitivity of sampling separately for cage and non-cage flocks, as important differences in the sensitivity found between cage and non-cage flocks have previously been reported [7] . Therefore hypothesis tests were performed to determine whether there was any significant difference between the parameters determining test sensitivity between (i) the cage (n = 32) and non-cage flocks (n = 17) as differences had been found in a previous study [7] and (ii) between sampling carried out pre-NCP ( [8] , and R. H. Davies (AHVLA), unpublished data) and post-NCP [13] , as the introduction of the NCP may have influenced the sensitivity of the sampling methods. These hypothesis tests were performed by use of the Deviance Information Criterion (DIC) [17] , which is a Bayesian analogue of Akaike's Information Criterion. To assist in the interpretation of the DIC, a DIC weight (w DIC ) was calculated for each model being compared, which gives an estimate of the probability that each model is the best model for the data at hand, and is calculated according to
where ΔDIC was the difference between the model in question and the minimum value of the DIC for the models being compared, and the denominator was the sum of the differences over all the models being compared. The best-fitting model out of those compared will be that with the highest DIC weight, and a value close to 1 indicates strong evidence that it is the best model.
All calculations were performed in WinBUGS v. 3.1 [18] , using a burn-in of 5000 iterations followed by 10 000 iterations of the model. Inspection of the history of each parameter and the use of the GelmanRubin statistic [19] were used to check convergence.
Number of samples required for detection of Salmonella
The sensitivity of the EU survey method was then calculated from the per-sample estimates of the dust and faecal sampling (i.e. the probability of detecting Salmonella in a flock after taking two EU dust and five EU faecal samples). The sensitivity of the NCP sampling method was then calculated for various numbers of samples for the following scenarios:
(1) Assuming that two NCP dust samples are included, and increasing the number of NCP faecal samples. (2) Assuming that only NCP faecal samples are taken.
The minimum number of samples for which the sensitivity of the NCP sampling method was greater than the EU survey method was also calculated.
Estimation of c.f.u./g in faecal sanples
The c.f.u./g was estimated in individual samples from enumeration of the pools of five using the maximum-likelihood approach developed in a previous study [8] . This method assumes that the log 10 c.f.u./g follows a normal distribution (i.e. the c.f.u./g follows a lognormal distribution). The key element of the method is the approximating assumption that the log 10 count gives the count of the most contaminated sample in the pool, with other counts being lower. The method uses the estimated within-flock prevalence from the estimation in WinBUGS to infer the probability distribution of the number of positive samples in each pool, and accounts for this in the estimation. A likelihood-ratio test was performed to detect whether there were any differences in the parameters of the lognormal distribution underlying the Salmonella count in faecal samples between the pre-and post-NCP studies.
RESULTS
Comparison of sensitivity on a per-sample basis in cage vs. non-cage flocks
When looking at the total across both the pre-and post-NCP studies on a per-sample basis, a higher proportion of faecal (bootswab) samples were positive in non-cage compared to cage flocks (see Table 1 and the post-NCP study [13] in Supplementary  Tables S1-S3 ), for all sample protocols (i.e. NCP, EU and AHVLA sampling). In contrast, a higher proportion of dust samples were positive in cage than in non-cage flocks for all sample protocols. For faeces, NCP sampling had the highest proportion of samples that tested positive, whereas for dust EU sampling had the highest proportion of positive samples, with individual AHVLA dust samples having the lowest proportion of positive samples. When comparing the proportion of samples positive between the pre-and post-NCP studies, the post-NCP studies generally had a lower proportion of samples positive compared to the pre-NCP studies. However, there was a particularly large reduction in the proportion of non-cage dust samples positive in the post-NCP study compared to the pre-NCP studies.
For the most part, the model estimates of sensitivity vs. within-flock prevalence (Fig. 1) showed a consistent order in the relative sensitivity of sampling dust/ faeces in cage/non-cage flocks for NCP, EU and AHVLA sampling: cage dust was more sensitive than cage faeces, and dust from non-cage flocks was the least sensitive for a given within-flock prevalence for NCP, EU and AHVLA sampling. The exception to this consistent ordering in terms of sensitivity was faeces in non-cage flocks, which was the most sensitive method for AHVLA sampling, but not for EU and NCP sampling (note that, while a higher proportion of non-cage faeces were positive overall compared to cage dust, the lower within-flock prevalence in cage flocks means that the cage dust is more sensitive than non-cage faeces, once within-flock prevalence has been accounted for).
Use of the DIC indicated a significant difference between the sensitivity of the tests for cage vs. non-cage flocks (P < 0·001). There was also strong evidence of differences in the sensitivity of sampling between the pre-and post-NCP studies (P < 0·001), with the best-fitting model being one where dust sampling (all sample protocols, both cage and noncage) and sampling of non-cage faeces (all sample protocols) differed between pre-and post-NCP studies. Therefore, sensitivities were estimated separately for cage and non-cage flocks, using only data from the post-NCP study [13] to estimate the sensitivity of dust sampling and non-cage faeces, for the purposes of sample size estimation. The best-fitting model also had common sensitivity of sampling individual droppings between pre-and post-NCP studies.
In both the pre-and post-NCP studies there was a much higher within-flock prevalence of infected birds within non-cage flocks than in cage flocks, 35·1% (non-cage) compared to 15·9% (cage) in the pre-NCP study [8] , and 15·5% compared to 5·5% in the post-NCP study [13] .
The sensitivity of testing caeca was estimated to be 75·8% [95% credible interval (CrI 72·3-78·3)] across both pre-and post-NCP studies, and the sensitivity of testing ovary/oviduct samples was 67·2% (95% CrI 64·6-69·9).
Number of samples required for confirmatory sampling
For a given within-flock prevalence, fewer NCP samples are required to detect Salmonella in non-cage flocks compared to cage flocks (Table 2) , because of the slightly higher estimated sensitivity of faeces in non-cage flocks compared to cage flocks. There was limited benefit in taking additional dust samples; while in cage flocks dust had higher sensitivity than faecal samples (Fig. 1) , the increase in sensitivity of dust vs. faeces was not sufficient to reduce the overall number of samples to detect Salmonella, except at relatively high within-flock prevalence (Table 2) . For non-cage flocks, taking two NCP dust samples had little or no impact on the number of NCP faecal samples required to detect a positive flock, reducing it by at most one, and often not reducing the number required at all ( Table 2) .
The sensitivity of the EU survey method to detect positive cage and non-cage flocks (i.e. at least one positive sample out of five EU faecal and two EU dust samples) at a range of within-flock prevalence is given in Table 3 . To match the EU survey method for detecting Salmonella-infected farms, five NCP faecal samples or three NCP faecal and two NCP dust samples for cage flocks would be required in cage flocks. To match the EU survey method in non-cage flocks, three NCP faecal (boot swab) samples or two NCP faecal and two NCP dust samples would be required (note that the EU survey method has higher sensitivity in cage flocks for a given within-flock prevalence due to the higher sensitivity of sampling dust in cage flocks compared to non-cage flocks, so the target sensitivity is higher in cage flocks to match the EU survey method).
Estimation of c.f.u./g in faeces
Count data from previous studies are given in Supplementary Table S4 for the pre-NCP study [8] and from [13] (Supplementary Table S5 ) for the post-NCP study [13] . While there was a higher proportion of pools of five faecal samples with higher counts in the pre-NCP study, when the within-flock prevalence was accounted for, there was no significant difference in the estimated c.f.u./g in individual samples either between the two studies (P = 0·65) or between SE and non-SE (P = 0·57), consistent with the finding of a common sensitivity of sampling individual droppings between the pre-and post-NCP studies. There was a good fit of the model to the observed counts of Salmonella in the pools of five (Fig. 2a) . The mean c.f.u./g in individual samples was estimated to have a very low mean with very high variance. This indicates that the majority of samples had very low or zero counts of Salmonella but with a low proportion of samples having very high counts (Fig. 2b) .
DISCUSSION
This study has shown important differences in the sensitivity of sampling between cage and non-cage flocks, for a given within-flock prevalence. While other studies have estimated the sensitivity of environmental sampling in cage and non-cage flocks [7, 10, 20] , the data used in this study have individual bird data collected in parallel with the environmental sampling data, enabling a simultaneous estimate of the withinflock prevalence. This means that the impact of within-flock prevalence on the sensitivity of sampling can be accounted for, which is important when comparing the results of studies where prevalence is very different between them. By making use of data from more than one study, there was sufficient power to be able to divide the flocks into cage and non-cage, which was not possible with each study in isolation without greatly compromising statistical power.
There was a large reduction in within-flock prevalence between pre-NCP flocks and post-NCP flocks. The flocks in these studies were known positives, and therefore may represent a biased sample, since flocks with a prevalence too low to be detected would thus not be represented, and therefore the within-flock prevalence found in each study is possibly an overestimate of that in the population of Salmonella-infected flocks. However, it is likely that improved pest control, better vaccination of flocks and more regular dust removal in poultry houses since the introduction of the NCP will have resulted in a lower average within-flock prevalence in infected flocks [21, 22] , and thus the lower within-flock prevalence in the post-NCP study is likely to be a reflection of lower within-flock prevalence in the population, compared to pre-NCP. This is important in terms of sampling, because it means that the sensitivity of environmental sampling methods will be lower than that reported in studies conducted prior to the introduction of the NCP [7, 10] . This could be one reason why the proportion of samples positive was higher for the pre-NCP studies compared to the post-NCP studies (Table 1) .
Previous studies have shown that dust is more sensitive than faeces [7, 8] . However in the present study this was only true for cage flocks; for non-cage flocks faeces were more sensitive than dust for all three environmental sampling methods. The likely reason for this difference is the more frequent dust removal carried out in poultry houses since the introduction of the NCP, plus improved control of mice whose contaminated faeces and accumulated urine pillars may contribute to the occurrence of Salmonellapositive dust in a house where the birds are infected [16, [23] [24] [25] [26] .
Previous studies have found that faecal sampling in cage flocks is more sensitive than faecal sampling in non-cage flocks [7] in that there is a greater likelihood of detecting positive cage flocks compared to non-cage flocks. In the present study, the opposite was found, as a higher proportion of faecal samples were positive in non-cage flocks compared to cage flocks in both the pre-and post-NCP studies (Table 2) . This is likely to be influenced by the replacement of difficult to sample California style A-frame cage houses with colony cage houses in anticipation of the ban on conventional cages from the beginning of 2012 and inclusion of flocks with low levels of environmental contamination in earlier studies, in which the evaluation of detection of infection in 4000 pooled eggs from lightly contaminated laying houses was the main objective of the study. The within-flock prevalence in non-cage flocks was much higher than that in cage flocks for both the preand post-NCP studies. This is likely to be due to a greater contact rate between infected birds in non-cage flocks compared to cage flocks and the inability to separate birds from their faeces [27] . This has important implications for the sensitivity of sampling. While there is uncertainty in the within-flock prevalence of Salmonella vs. the age of the flock, making the estimation of sample sizes based on a specific target prevalence problematical, the lower Salmonella prevalence in cage flocks will mean that a greater number of samples will be required for a high probability of detection. In particular, confirmation by sampling ova/oviduct and caeca or sampling of eggs is likely to be more effective in non-cage flocks than cage flocks, as the effectiveness of these methods will be directly proportional to the within-flock prevalence and level of environmental contamination. As for confirmation using NCP sampling methods, the present study (Table 2) suggests that several NCP samples would be required to have a high probability of detection. In the context of the NCP in each Member State, where each eligible commercial layer flock could be sampled up to four times per annum, this is likely to be impractical on each occasion, but theoretically, regular sampling should have a cumulative effect in detecting positive flocks. Even if just performed for official NCP sampling, where one flock is sampled per annum on holdings with >1000 birds, additional sampling would represent a large additional cost. However, it is valuable to apply additional sampling for confirmatory testing of flocks which were detected as positive through operator NCP sampling or for suspect flocks. The difference in the sensitivity of sampling of dust between cage and non-cage flocks is important to account for in such sampling, since the present study predicts that dust will be relatively ineffective for confirming Salmonella in non-cage flocks; in non-cage flocks it is therefore recommended that only faeces are sampled to optimize the likelihood of successful detection of Salmonella. The per-sample superiority of NCP samples compared to EU survey samples is likely to relate to the wider area of the house over which each NCP sample is taken and the direct mixing of the sample rather than dilution prior to mixing.
This study has shown important differences in the sensitivity of environmental sampling methods between cage and non-cage flocks, resulting in different numbers of samples required to have a >95% probability of detecting Salmonella. In particular, the sensitivity of dust sampling is very low in non-cage flocks and replacing dust samples with faecal samples is likely to improve the probability of detection of Salmonella in these flocks. For confirmation of Salmonella, taking several NCP-style samples would enable NCP sampling to have the equivalent power of detection of the EU survey method. Five NCP faecal samples for cage flocks, and three NCP faecal samples (i.e. three pairs of boot swabs) for non-cage flocks are required for this.
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